Abstract
Introduction

68
Diuron is a biologically active pollutant present in soil, water and sediments. This 69 substituted urea herbicide inhibits photosynthesis by preventing oxygen production 1 and 70 blocks the electron transfer at the level of photosystem II of photosynthetic micro-71 organisms and plants. Diuron has the unfortunate combination of being strongly 72 adsorbed on soil organic matter particles, and hence, slowly degraded in the 73 environment due to its reduced bioavailability. 74
Diuron is considered a Priority Hazardous Substance by the European Commission 2 75 since its degradation in soil leads to 3,4-dichloroaniline (3,4-DCA), a very toxic 76 compound, which accumulates in the environment [3] [4] [5] [6] . Consequently, diuron has been 77 . 80
Biodegradation has been described as the primary mechanism for diuron dissipation 81 in soils and waters 8 , although dispersion of this compound in agriculture leads to 82 pollution of the aquatic environment by soil leaching [9] [10] [11] and run-off 12 .
83
In this work, some studies were conducted to find procedures that might result in an 84 increase in the bioavailability of diuron in a contaminated soil, through solubility 85 enhancement using biodegradable molecules. These molecules are cyclodextrins (CDs), 86 which are cyclic oligosaccharides, containing 6 (α-CD), 7 (β-CD) or 8 (γ-CD) R-(1,4)-87 linked glucose units, formed from the enzymatic degradation of starch by bacteria. It is 88 well-known that they are capable of forming inclusion compounds both in solution and 89 in solid state with a variety of guest molecules, which are placed in their hydrophobic 90 interior cavity 13 . A large number of papers describing the complexation of CDs with 91 pesticides can be found in the literature. Most pesticide-CD complexes were aimed to 92 improve their solubility in water [14] [15] [16] [17] [18] . However, no research has been reported with the 93 aim of finding correlations between this increasing in solubility, desorption percentage 94 from soil, and bioavailability by means of mineralising assays, confirming the complete 95 4 dissipation of the pesticides. But not only increasing of bioavailability will be enough to 96 reach a significant soil diuron dissipation, since although several diuron-degrading  97   bacteria have been isolated from different agricultural soils  3,8,19-20 and river waters   20   98 none of them has been identified as capable to reach a complete diuron mineralisation in 99 the presence of soil. Sorensen et al., 5 used a two member diuron-mineralising 100 consortium which gave better results by combining the cooperative degradation 101 capacities of two bacteria. In this work, we attempt to enhanced mineralisation of diuron 102 using a cyclodextrin-based bioremediation technology involving a bacterial consortium, 103 which resulted in an effective diuron mineralisation system thanks to the bioavailability 104 increasing. 105
The development of an in situ and environmental friendly soil decontamination 106 technique, which could give rise to a complete diuron mineralisation by means of 107 increasing the bioavailability of the pollutant and employing specific chemical 108 bacterium degraders, would involve an improvement from both, economical and 109 environmental point of view. 110
111
Materials and Methods 112
Materials 113 from preliminary kinetic studies (not shown), which showed that adsorption had 145 reached pseudoequilibrium. After shaking (on an orbital shaker), the suspensions were 146 centrifuged, and the concentration of diuron in the supernatant was determined by using 147 a Shimadzu HPLC equipped with UV detector. The difference in herbicide 148 concentration between the initial and final equilibrium solutions was assumed to be due 149 to sorption, and the amount of diuron retained by the adsorbent was calculated. 150
Desorption experiments were performed after adsorption equilibrium had been 151 reached by removing half of the supernatant after centrifugation, replacing it by 5 mL of 152 the extractant solution, allowing equilibration for an additional 24 h period, and after 153 that, operating as in the adsorption experiment. This process was repeated twice. and incubated at 20 ± 1 ºC. Non-inoculated soil sterile controls and non-innoculated soil 183 sterile with HPBCD addition controls were also prepared and no mineralisation was 184 detected. Production of 14 CO 2 was measured as radioactivity appearing in the alkali trap 185 of the biometer flasks, which contained 1 mL of 0.5 M NaOH. Periodically, the solution 186 was removed from the trap and replaced with fresh alkali. The NaOH solution was 187 mixed with 5 mL of liquid scintillation cocktail (Ready safe from PerkinElmer, Inc., 188 USA) and the mixture kept in darkness for about 24 h for dissipation of 189 chemiluminescence. Radioactivity was measured as it was described by Baquero et al. 26 .
191
Biodegradation experiments were performed in parallel in the same way that 192 mineralization ones, but in this case, only non-radiolabeled diuron was used, and the 193 main metabolite 3,4-dichloroaniline and the parent compound were analyzed at 
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The principal product of diuron biodegradation, 3,4-DCA, exhibits a high toxicity 257 and is also persistent in soil, water and groundwater. Diuron indirectly possesses a 258 significant amount of toxicity and could be a potential poisoning herbicide contaminant 259 of groundwater. Therefore, the ultimate objective of this work was to obtain a complete 260 diuron mineralisation in a soil-water system. The chosen scenario was a loamy sandy 261 soil from an agricultural site. 262
A two-member diuron-mineralising consortium, by combining the cooperative 263 degradation capacities of the diuron-degrading bacteria, A. sulfonivorans and the 264 linuron-mineralising bacteria V. soli, was used, in comparison to the individual bacteria. 265
The effects on the mineralisation of diuron in soil (50 mg kg -1 ) after inoculation of 266
A. sulfonivorans and V. soli, individually or in a co-culture, were determined (Fig. 1) . 267
The overall extent of 14 C mineralisation was estimated using a first-order production 268 equation (1), 28 (Table 2) . Inoculation with A. sulfonivorans resulted in a mineralisation 269 of 6.86 %. The metabolite 3,4-DCA was detected in the parallel biodegradation 270 experiments only in the samples inoculated with this bacterium, and the amount was 271 equivalent to 8.51 % of the initially added diuron. Inoculation with V. soli alone resulted 272 in a diuron mineralisation in the soil of only the 5.22 %. Inoculation with the co-culture 273 resulted in rapid diuron mineralisation, and an important mineralisation was observed 274 (45.25 % of the added 14 C diuron was metabolised to 14 CO 2 during the experiment, after 275 120 days) (Fig. 1) , and no metabolite was determined after experiment ( Table 2) In Table 2 , the residual diuron measured at the end of the parallel biodegradation 283 experiments is also shown, being remarkable that in the A. sulfonivorans inoculated 284 system a 60.52 % of the diuron initially added was still present, confirming that about 285 40% of diuron is biodegraded, but not mineralised, as can be observed in the 286 mineralisation experiments results (6.86 %), remaining in the form of the toxic 287 metabolite, 3,4-DCA (8.51%) or other intermediate species. A similar result could be 288 observed for the system inoculated with V. soli, but in this case, the percentage of 289 diuron remaining at the end of the biodegradation experiment was lower (38.78%), from 290 which only 5.22% was mineralised. However, the presence of the toxic metabolite was 291 much lower (0.61%). Finally, the percentage of diuron measured after soil 292 biodegradation experiment in the presence of the two-member bacterial consortium, was 293 the lowest, only 21.73%, confirming again, the need of using the two bacteria to reduce 294 drastically the real risk in a diuron contaminated soil. Moreover, there is an extremely 295 high increase in the percentage of diuron mineralisation, from about 5-6% for the 296 individual bacteria to 45% when the consortium was used. In addition, the toxic 297 metabolite was not detected. It is also important to highlight that the lag phase is 298 reduced from 120-97 days (only one degrader) to 12 days in the presence of the 299 consortium, which denotes that the cooperative diuron degradation of the consortium 300 increase the mineralisation rate (0.28 days -1 ), clearly turning out in an effective in situ 301 bioremediation decontamination tool. 302
From these results it can be concluded that this type of chemicals (organochloride 303 persistent compounds) will require a more complex and conscientious analysis about the 304 best strategy to reach an optimal bioremediation of a contaminated soil, especially for 305 those whose main metabolites are suspected of having unwanted effects on nontarget 306 microorganism, like the scenario investigated in this work. since, as demonstrated above, a higher desorption percentages of diuron from the soil 318 studied were obtained with the HPCD solution employed as diuron extractant. The 319 ability of soils to release (desorb) pollutants determines its susceptibility to suffer 320 microbial degradation, thereby influencing effectiveness of the bioremediation process. 321
The degradation of sorbed contaminants can presumably occur via microbially-322 mediated desorption of contaminants and the development of a steep gradient between 323 solid phase and interfacial contaminant 33 . 324
The use of CD solutions as enhancers in pollutant dissipation in soil has been 325 postulated as a promising in situ decontamination tool due to its capacity for pesticide 326 soil desorption. Previously, our group has reported numerous results using different 327 types of CDs solutions for enhancing soil desorption of the different herbicides with 328
CDs naturally originated and their derivates and a different aging periods 14,17,31 but, no 329 works correlating the CD solution desorption effect with microbial biodegradation 330 enhancing has been carried out yet. 331
In Figure 1 , diuron mineralisation curves obtained from inoculated soil slurries in 332 the presence of HPCD in solution at a concentration equivalent of 10 times the amount 333 of diuron initially spiked are shown. In the case of inoculation with A. sulfonivorans 334 (Fig. 1a ) mineralisation was very low (8.55%, Table 2 ) in spite of the fact that this 335 bacterium is a diuron degrader 3 . Then, the addition of the HPCD solution, which 336 provokes an slight increasing in herbicide bioavailability, provokes also a slight 337 increase of the main metabolite after degradation, as confirmed with the data obtained 338 for the 3,4-DCA analysis, 10.26 % (Table 2) . When the HPCD solution was applied on 339 the soil slurries inoculated with V. soli (Fig. 1b) was used to enhance diuron bioavailability. In conclusion and based on these results, the 375 use of a HPCD solution at a very low concentration of only 10 times the diuron 376 equimolar concentration in soil will act as an bioavailability enhancer, accelerating the 377 pass of the diuron desorbing fraction from the soil particle surface to the soil solution, 378 and improving microorganism accessibility to the herbicide, being necessary the use of 379 a cometabolism to reach a complete mineralisation of the desorbing fraction avoiding 380 the presence in the soil solution of its main toxic and also persistent metabolite 3,4-381
DCA. 382
The cyclodextrin-based bioremediation technology here described shows for the 383 first time an almost complete mineralisation of diuron in a soil system, as opposite to 
